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Transmission electron microscopy (TEM) investigation have been carried out on the
microstructure of InGaAs buffer layers grown on GaAs (001) substrates using four different
strategies via metalorganic vapor phase epitaxy (MOVPE). As compared with the quality of
InGaAs layer grown on directly GaAs substrate, the growth on linearly-graded InGaAs
(LG-InGaAs), step-graded InGaAs (SG-InGaAs) and stain-layer superlattice InGaAs/GaAs
(SLS-InGaAs/GaAs) yielded good structural quality buffer layers. The number of
dislocations (misfit, threading and mixed dislocations) investigated by cross-sectional TEM
was found to be reduced in the InGaAs buffer layers. The generation of dislocations was
found to be dominated in the graded regions. This means that the LG-InGaAs and SG-
InGaAs layers were relaxed due to the large lattice-mismatch between InGaAs and GaAs,
resulting in generation of a large number of dislocations. On the other hand, for the InGaAs
buffer layer on SLS-InGaAs/GaAs, a high density of dislocations was observed in the
superlattice regions. In fact, density of dislocations was decreased in the InGaAs buffer layer
grown on the InGaAs/GaAs superlattice. This demonstrates that the strained-layer
superlattice exhibits some filtering of threading dislocations. Also, the strain-relaxation will
be discussed in comparison between the InGaAs buffer layers on GaAs, LG-InGaAs, SG-
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We found that the grading technique has the advantage of spreading MDs with
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and SLS techniques is a promising method to achieve high-quality strain-relaxed InGaAs
buffer layers for the large lattice-mismatched system. We also show that the use of the
InGaAs pseudo lattice-matched substrate is an effective method to fabricate a thick lattice-
matched InGaAsN layers with higher optical and structural qualities necessary for the
development of the optoelectronic devices such as semiconductor lasers and multijunction
(M) solar cells.
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CHAPTER 1
INTRODUCTION

1.1 Motivation: Why InGaAs Buffer Layer?

One of the key problems in the fabrication of high-quality semiconductor
epitaxy, such as heterostructures and guantum well structures, is the need to achieve
abrupt and smooth interfaces. Relaxed buffer layers are required in semiconductor
epitaxy to obtain an in-plane lattice-constant, which matches to those of the epitaxial
layers (films), different from those available on high-quality large area commercial
substrates such as Si, GaAs and InP. This allows the effective misfit between the
epitaxial layer and the substrate to be lowered and avoids strain-induced roughening
and plastic relaxation of the epitaxial grown layer. As a result, the relaxed buffer layer
prevents the growth of defect-free heterostructures. Furthermore, limitation of the
band-engineering, which is due to the lattice-constant of the available substrates such
as GaAs, Si and InP, can be overcome by growing the relaxed buffer layers, which are
designed to accommodate the lattice misfit while confining dislocations far from the
buffer layer interface [1].

The state of the art for semiconductor buffer layers is represented by epilayer
alloys grown by grading the composition in order to achieve a depth distribution of
the lattice parameter. The original idea [2-4] was to keep the surface strain during
growth below- the eritical value which determines the regime of three-dimensional
growth [5, 6] and, therefore, which is favorable to the proliferation of threading
dislocation (TD) [7]. Several strategies for fabrication of the semiconductor buffer
layers have been identified in the literature including simple constant composition
layers (CL), linearly-graded layers (LGL), step-graded layer (SGL) [8], and more
complicated structures including, for an example, strained-layer superlattice (SLS) [9].
Some explanations of strain relaxation in the buffer layer have been proposed in the
literature (Dunstan er al. [10] and Tersoff [11]). They focused mainly on the
relationship between strain relaxation and composition grading rate in the linear

graded InGaAs buffer layer grown on the GaAs substrate. However, no systematic
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study has been reported in which these dlgmwt strategies are properly compared. It is
still unclear how the different sttate:gire;\ should perform. Linearly-graded (LG)
structure, step- graded (SG) structure and strained-layer superlattices (SLS) structure
are the simplest ways of controlling the misfit at the growth surface. All structures
reduce the TD density compared with single high mismatch constant-composition
layers.

In,GajAs pseudo+substrates have a potential impact on the realization of
nitride-based “optoelectronic devices at room temperature upon optimization of the
deviee structures-[12]. Thus; our-aimis focused on the InyGaisxAs buffer layers used
as a pseudo-substrate for dilute In,Ga). As;. N, quaternary alloy, which is of interest
for potential use in the 1.3-1.55 pum quantum well (QW) lasers [13] and ultra-high-
efficiency tandem solar cells [14] owing to the tunable bandgap while keeping the
lattice constant to match with GaAs. However, the large incorporation of N and In
required for the bandgap smaller than 1.0 eV leads to the degradation of the structural
and optical qualities due to the small solid solubility of N into InGaAs [15, 16]
especially when the N concentration exceeds 3%. Therefore, InGaAs pseudo-



substrates with the large lattice constants are attractive for decreasing bandgap of
InGaAsN without degradation of the crystal quality. Figure 1.1 shows the relationship
between the lattice constant and energy gap for binary compound semiconductors. It
is clearly seen that the lattice constant of the dilute InGaAsN quaternary alloy is
between those of the GaNAs and InGaAs ternary alloys (shadow area). It is known
that InGaAs has face-centered cubic structure (fcc) with lattice constants between
GaAs (5.653 A) and InAs (6.058 A). This indicates that the lattice constant of
In,Ga,.<As is wide range between GaAs and InAs (red line). This dominant feature of
In,Ga,;,As was applied to buffer layer as pseudo-substrate for InGaAsN and other
large lattice-mismatch systems such as InP/InGaAs on GaAs, as seen in Figure.1.1.

1.2 Objectives and Organization of the Thesis

Although some work on the investigation of semiconductor buffer layers have
been carried out as described above, comparison results between the four different
growth strategies have not been obtained yet and it is still unclear how the different
growth strategies should be carried out. The purpose of this work is to investigate
structural properties of the four types of InGaAs buffer layers grown on GaAs (001)
substrates with different growth strategies as well as grading profiles using
transmission electron microscopy (TEM). The relationships among surface
morphology, misfit dislocation (MD) and TD distribution, and strain relaxation are
then investigated for different growth strategies. This leads to a simple explanations
of strain relaxation specifically related to graded composition profiles. Furthermore,
the effectiveness of the lattice-matched InGaAs pseudo-substrate (InGaAs pseudo-
substrate) in improving material quality of large lattice-mismatched, high In-content
In,Ga,.xAs; 4Ny on GaAs (001) by metalorganic vapor phase epitaxy (MOVPE) will
also be mentioned.

We focus primary on the following 2 topics: (i) structural investigation and (ii)
comparison of the crystalline quality of the four types of InGaAs buffer layers, which
are described as follows.

1. In,Ga;«As constant buffer layer (CL-InGaAs) on GaAs: the CL-InGaAs

was grown on GaAs with a constant In composition (x).



2. InyGa,.xAs buffer layer on linearly-graded In.Ga;.,As layers (LG-InGaAs):
LG-InGaAs part was obtained by linear grading the In content of the InyGa,.xAs layer
from zero up to some final composition x;[17]. The top of the graded part consists of
In,Ga;.4As layer (normally 1 pum thick) with a constant In composition or constant
composition buffer equal to the maximum In content in the graded part.

3. In,Ga,.xAs buffer layer on step-graded In,Ga;_As layers (SG-InGaAs): 5G-
InGaAs were fabricated using the three-step graded type of structure. The top of the
system consists of a thick In,Gaj..As cap layer of final composition xy.

4. In,Ga,.xAs buffer layer on In;Ga,..,As/GaAs strained-layer superlattice
(SLS): InzxGay.2.As/GaAs SLS is grown between the GaAs substrate and a top In,Gay.
«As layer with a constant In composition. The buffer structure consists of a 60-period
SLS layer with a fixed nominal value of well thickness (Lz) 10 nm for the InyGa;.
2As wells and barrier thickness {Lg) 10 nm for the GaAs barriers.

Note that all of the InGaAs buffer layers are grown on GaAs (001) substrates
by MOVPE under the same growth conditions, such as growth temperature and

growth pressure.

This thesis is organized as follows.

Chapter 2: Epitaxy growth and the structural defects such as point, line, planar
and bulk defects which are generated in epitaxial layers especially generation of line
defects or dislocations are described. In addition, the growth of dislocation-free
epitaxial layer is described. Investigation methods, including high resolution X-ray
diffraction (HRXRD) and transmission electron microscopy (TEM), are described.
Further, the analytical theory of the image mode TEM and the preparation of
specimens for the cross-sectional TEM are described in details.

Chapter 3: Metalorganic vapor phase epitaxial (MOVPE) growth information
and the structures of the four types of InGaAs buffer layer used in this study are
explained. Initial investigated results, such as composition, surface morphology and

strain relaxation in all the InGaAs buffer layers, are presented in details.

Chapter 4: Microstructural investigation of CL-InGaAs, LG-InGaAs, SG-
InGaAs and SLS-InGaAs/GaAs buffer layers are carried out by TEM, focusing



particularly on the generation of line defects, namely dislocations. In addition, a

comparison result of micro-structural properties between the four types of InGaAs

buftfer layers is discussed.

Chapter 5: To test the quality of the InGaAs pseudo-substrates, the InGaAsN
layers grown on the lattice-matched InGaAs pseudo-substrates are investigated using
various investigation methods. Strain and microstructural properties of the InGaAsN
layer on the lattice-matched InGaAs pseudo-substrate are discussed in comparison to
the InGaAsN layer grown directly on the GaAs substrate.

Finally, the eonclusion of this thesis is given in Chapter 6.



CHAPTER 11

HETEROEPITAXY: DISLOCATIONS
AND CHARACTERIZATION

This chapter will briefly present strain in the context of semiconductor
heterostructures in order to understand the strained heteroepitaxy. Especially, the
strained behavior related to the dislocation mechanism which is important parameters
of this work will be discussed. Also, the experimental details are explained in this
chapter. It consists of two main characterization methods: high resolution X-ray
diffraction and transmission electron microscopy, which are used to analyze the alloy

composition and the feature of dislocations, respectively.

2.1 Heteroepitaxy

Epitaxy is a kind of interface between a thin film and a substrate. The term
epitaxy (greek; “epi” means “placed or resting upon” and *“taxis” means
“arrangement”) describes an ordered single-crystalline film growth on the top of a
single-crystalline substrate. The word epitaxy was apparently introduced into the
literature by the French mineralogist L. Royer in 1928 [18]. The epitaxial growth can
be divided two types which are homoepitaxy and heteroepitaxy. Homoepitaxy refers
to growth of a single-crystalline film on a substrate of the same semiconductor
material, such as Si film on Si substrate. In this case, the epilayer generally exhibits
free of defects and high structural quality. Another type of epitaxy is heteroepitaxy
and refers to the growth of semiconductor crystals of a certain material on the crystal
of another material, such as InGaAs film grown on GaAs substrate. Figure 2.1 shows
schematically the illustration of the differences of three types of heteroepitaxy.
Homoepitaxy is structurally very similar to the lattice-matched heteroepitaxy that the
epitaxial layer and the substrate have very small different lattice parameter, as shown
in Figure 2.1 (a). In this case, the epitaxial layer with arbitrary thickness can be grown

without any structural defects, especially misfit dislocation. For small misfit,



Lattice-match Strained layer Relaxed layer

(a) (b) (c)

Figure 2.1: Schematic illustration of (a) lattice-matched heteroepitaxy, (b) strained

lattice-matched heteroepitaxy, and (c) relaxed lattice-mismatched heteroepitaxy.

as shown in Figure 2.1 (b), an overlayer will deform elastically to match the in-plane

lattice constant (a,) of the substrate. Under the compressive strain, a, is forced to
shrink and the perpendicular lattice constant (a, ) is expanded. Likewise, the

overlayer with lattice constant smaller than that of the substrate will be in tension
within the plane and compression normal to the planes. Such layers are called strained
lattice-matched heteroepitaxy. On the other hand, at certain layer thickness, namely
“critical thickness”, the overlayer becomes energetically favorable to reduce strain by
introduction of misfit dislocations [12], which allows the epilayer to relax toward its
free lattice constant, as shown in Figure 2.1 (c). In fact, an effect of strain relaxation is
a generation of several kinds of crystal defects, such as dislocations, stacking faults

and twins, which affects the lattice constant of the overlayer (a, = a, # a,).

2.2 Dislocations

2.2.1 Defect types

Normally, types of crystal defects are usually classified according to their
dimensions. Zero-dimensional defects are point defects which are vacancies and
interstitials. Vacancy is produced to remove one atom from the lattice and place it on
the surface of the crystal and/or the interstitial site. Interstitial is created by removing
one atom from the surface and inserting it into an interstitial site. All the point defects

mentioned produce local distortion in the otherwise perfect lattice. For one-



dimensional defects or line defects, it is called dislocations which some of atoms of
the crystal lattice are misaligned. The presence of dislocations is resulting from the
lattice-strain (distortion). The phenomena of generation dislocation will be described
in detail in the Sections 2.2.2 and 2.2.3. The third type is two dimensional or planar
defects which consist of stacking faults, grain boundaries and twin boundaries etc. A
stacking fault concerns with a disturbance in the regularity of the stacking of planes of
atoms in a crystal lattice. This usually occurs when a plane is inserted into or removed
from the lattice. The insertion of an extra plane in the stacking is known as an
extrinsic stacking fault, while the removal of plane is referred to an intrinsic stacking
fault. For example, the stacking sequences of body-centered or face-centered cubic
lattice along the <l11> orientations is ABCABCABC.... but the change in sequence
resulting from intrinsic stacking fault with new sequence ABCBCABC.... A grain
boundary refers to the transition region or interface between crystals whose atomic
arrangements are different in orientation with respect to each other. Finally, twin is
planar defect where a mirror image of the regular lattice is formed during the growth.
The twin boundary is the mirror plane of the twin formation. The last type of crystal
defect is three-dimensional or bulk defects which include voids and precipitates.
Voids are small areas where there are no atoms and can be thought of as clusters of
vacancies. Impurities can cluster together to form small regions of a different phase.
These are often called precipitates. The crystal defects have important effects on the
properties of the crystalline materials.

2.2.2 Generation of dislocations

Dislocations are line defects and in the locality of the dislocation the atoms are
displaced from their position in the ideally perfect lattice. When the single crystals are
plastically deformed, dislocations move under the applied shear stress so that the
dislocation line represents a boundary between the unslipped and slipped areas on the
slip planes. The shear stress required for this process was first calculated by Frenkel
in 1962. Figure 2.2 is an illustration of atom positions used to estimate critical shear
stress for slip. It is assumed that there is a periodic shearing force required to move

the top row of atoms across the bottom row which is given by



7=— §ns"" 2.1)

where 1 is the applied shear stress, G is the shear modulus, b the spacing between
atoms in the direction of the shear stress, a the spacing between the rows of atoms and
x the shear translation of the two rows away from the low-energy equilibrium
position [19]. In the experiment, there are evidences for generation of dislocations in
the films. It was found that, two mechanisms of dislocation generation are (i) active
during growth when the highly lattice-mismatch occurred strain relaxation by
introduction of misfit dislocations (MDs) at film-substrate interfaces (Figure 2.1 (c))
and (ii) post-growth dislocations which are generated behind the growth, such as
during growth-temperature quenching to room temperature [20], or other thermal
treatments. Then, the crystals have dislocations which are usually inclined to the
growth surface and which will be propagated in the strained lattice-matched layer in
the same direction as in the substrate. Such dislocations are known as threading
dislocation.

Generally, there are two basic types of dislocation, namely the edge and the
screw dislocations. Besides, mixed dislocation combining aspects of both types are
also-common. An edge dislocation may be described as an extra half-plane of atoms
inserted in the perfect crystal, as illustrated in Figure 2.3 (a), resulting in that part of
the lattice containing extra atoms and the rest of the lattice containing the correct
number of atoms. The dislocation line of an edge dislocation is the line connecting all
the atoms at the end of the extra half-plane. If we describe a clockwise loop around
the edge dislocation, starting at point x and going an equal number of atoms spacing
in each direction, we finish one atom spacing from starting at point y. The vector

required to complete the loop is the Burgers vector (b). In this case, the burgers vector
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Figure 2.3: Schematic illustration of (a) edge dislocation, (b) screw dislocation and

(c) mixed dislocation where b represents the Burgers vector [19].
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is perpendicular to the dislocation line. If the dislocation is such that a step or spiral
ramp is formed by the displacement of atoms in a plane in the crystal lattice, then it is
referred to as a screw dislocation. Screw dislocation exhibits a helical path is traced
around the dislocation line, as shown in Figure 2.3 (b). In this case, Burgers vector is
parallel to the dislocation line. As shown in Figure 2.3 (c), mixed dislocation consists
of both edge and screw components, with a transition region between them. The
boundary separating the slipped and unslipped regions of the crystal are curved which
is mixed dislocation. The burgers vector remains the same for all portions of the

mixed dislocation.

2.2.3 MDs and TDs in heteroepitaxial layers

For the heteroepitaxy, there are many models for the generation of MDs and
TDs. MDs are associated with TDs and extended into a film growing epitaxially on
the substrate. Pure edge MDs are the most efficient at misfit strain. They have been
obtained on many heteroepitaxial systems such as SiGe/Si, Ge/GaAs and
InGaAs/GaAs with (001)-oriented substrates (Vdovin et al., 1997 [21]). The number
of MDs depends on the lattice mismatch, growth thickness, layer composition and the
temperature or annealing (Hull and Bean 1989 [22]). MD propagation is accompanied
by a shift of dislocations from the interface upwards into the layer or downwards into
the substrate. Hongland et al. (2004) [23] reported influence of surface steps on glide
of TDs during layer growth. They demonstrated the surface step via the glide of TDs,
which is energetically favorable when the thickness of the layer exceeds the critical
thickness. The surface steps are seen as 2D arrays so-called crosshatch when we look
at from the top as can be observed by atomic force microscopy (AFM) and TEM
image as shown in Fig.2.4 (Yastrubchak et al.; 2003 [24]).

2.3 Growth of Dislocation-free Layers

The production of dislocation-free single crystal epitaxial layers is currently of
considerable interest owing to their applications in the semiconductor and
optoelectronic devices industry. Dislocations have been shown to be associated with
non-radiative recombination processes [25]. Further, the surface too of epitaxial layer

is affected by the presence of dislocations. In the phenomenon of “crosshatching”,
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Figure 2.4: (a) AEM nuerugraph shows a well-defined cross-hatch pattern
reproducing the neuv'brk of misfit \dislocazmns and (b) TEM image of misfit
dislocations at the mterﬁc&‘ofluﬁa&s!@ﬂhs heterostructure [26].

the surface of the layﬂ""'shﬁ‘ivs"a crosaed@ttem of ridges and valleys corresponding to
crossed grids of MDs many microns beléiyé‘ the surface (Figure 2.4 (a)) [26]. Therefore,
it is of some importance ﬁ}r the d&u@ﬂf j?f such epitaxial devices to have an
understanding of the factors w“lm:h guwms:ﬁe generation and subsequent behavior of
dislocations in epltaxla] single cryslal ﬁ]m's in order to pfﬂduce layers with are free of
all dislocations, nratieast-&thaae w]neh-*hm:ﬂmﬂﬁs:rahle properties in certain

regions. -
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Figure 2.5: Schematic illustration of dislocation-free layers (buffer layer).
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2.3.1 Graded layers

The interfaces considered thus far have been abrupt transitions from one
crystal to another. However, in many applications, the two crystals are separated by a
transition layer in which the composition varies continuously (linearly-grading), or in
discrete steps (step-grading), from one crystal type to the other. This configuration
may be used to accommodate layer misfits without cracks or other deleterious effects.
Theoretical and experimental studies have shown that dislocations generally
accompany the accommodation of mismatch in these graded layers [27-29]. However,
it possible to grow layer with large misfits relative to the substrate but at the same
time obtain very low dislocation densities in the layer itself, all dislocations being
confined to the graded regions. Thus, the dislocations are normally required in the
graded layers for strain release. As shown in Figure 2.5, it is found that the lattice
constant varies with composition until lattice constant of relax layer itself
(a, # a,,a,). Then, the growth of the top layer (buffer layers) on the transition layer
(graded layer) can be dislocation-free layer. In the production of dislocation-free
layers two different types of dislocations must be considered. In the first place
substrate-inherited TDs must be eliminated. This may be done by using dislocation-
free substrates, or if this is not possible, by wipe out the TDs into a misfit interface.
Elimination of TDs which are inclined along the growth direction become bent into
the interfacial plane at the nexi composition step in the graded layers and are thus
prevented from propagation into subsequent growth. A high density of misfit
dislocations bent normal to the growth direction can be observed at the interface due
to the abrupt compositional step [27]. Secondly, if a junction is required with no
misfit dislocations, the thickness of the layer must be below the critical thickness. The
critical thickness may be increased by the growth of further layers. If large film
thicknesses are required, very low misfits are indicated and ideally lattice-matched
systems should be used.

2.3.2 Lattice matching

The most effective method of eliminating MDs in epitaxial layers is to match
the lattice constants of the epilayer and substrate. Furthermore, if the growth

temperature is high, residual strains will present unless the coefficients of thermal
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expansion are also matched. This matching is possible by using ternary and
quaternary layer of I1I-V compounds and similar materials [29, 30]. A ternary layer
would have the composition A B;4C or ACyD,., where A and B are group III
elements (Ga, In or Al) while C and D are group V elements (As, P or N). The
composition parameters x and y may be varied from zero to unity using suitable
growth techniques. The lattice parameter a (x) of ternary compound AB,C is given
by

a(x) = xa . +(1-x)ag (2.2)

where a - anda,. are the lattice constants of AC and BC respectively. This linear

relationship is known as Vegrad’s law and is known to hold for ternary compounds.
On the other hand, the coefficient of linear thermal expansion a (x) of the ternary
compound may also be calculated using Vegrad’s law:

X@ucl e+ —%)ap g

a(x)

a(x)= (2.3)
where @ . and @ are the coefficients of linear thermal expansion of AC and BC
respectively.
In the case of a quaternary compound of composition A,B;.xCy.yDy with A, B,
C and D as above, the lattice constant and coefficient of thermal expansion are given
by [31]
@ g50p (%, ) = (I=x)1=)a o + x(1 = y)age + (1 —x)ya,, +xyay, (2.4)

and

(1-x)1 = y)a - o + X(1 = Y)agecg. + (1 =x)ya &, + Xyag, oy,

& yuep (X, ¥) = = &3
asep L X,

(2.5)

where a ., a,-, a,, and ag, are the lattice constants and « .., @y, @4, and @y,

are the coefficients of linear thermal expansion of AC, BC, AD and BD, respectively.
Not that requirement such as a suitable value of the bandgap must be satisfied as well
as lattice constant, and a compromise solution must be found of materials. If, for
example, the bandgap differences in coefficients of thermal expansion, the device will
be strained at room temperature [30]. The principles given here will be helpful in

selecting the best compromise.
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2.4 Characterization Methods
2.4.1 High Resolution X-ray Diffraction

High resolution X-ray diffraction is very important experiment technique that
has been used to analyze crystal structure of the epitaxial films, including lattice
constants and crystal structure, and orientation of single crystal, etc. The
monochromator X-ray beam with a specific wavelength (1.5406 A), a sample state
which is capable of movement in different directions, tilt and rotation for precise
placement of sample and motorized slit al detector are referred high resolution X-ray
diffraction. The diffraction condition can be occurred by according to Bragg’s law.
Above-mentioned was demonstrated that, the lattice parameters are important for
characterization of structural properties such as lattice mismatch, residual strain and

strain relaxation etc. In this work the HRXRD technique is used to determinea, , a,
and lattice constant of relax layer (@, ) via the (004) 26/ @ scan and the asymmetric

reflect (115) @ -scan and @/26 -scan mapping modes. We can derivative
composition of the epitaxial layers from lattice constant. Firstly, X-ray rocking curve
for (004) symmetrical reflection was measured to determine the value of interplanar
spacing, d,,, . It is known that the interplanar spacing d,,, is a function both of the
plane indices (hkl) and the lattice constants. The exact relation depends on the crystal
system involved and for the tetragonal system takes on the relatively simple from

a a
dyy = o 4 ke (2.6)
DI ae e

In this case, the interplanar spacing; dg, =a /4 results from the (004) plane

measurement. Figure 2.6 shows a typical HRXRD (004) 28/ -profile of InGaAs
layer on GaAs (001) substrate. The diffraction peaks of InGaAs layer and GaAs were
clearly observed at 64.835° and 66.053°, respectively. Then, the interplanar spacing
can be calculated by Bragg’s law. From the separation between the InGaAs and GaAs
reflection peaks, a, was estimated to be 5.748 A. Secondly, we used HRXRD

mapping of the (115) reflection to measure the a, of the epilayers. The inclination

between the asymmetric plane of the substrate and of the epilayer is observed owing
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to a tetragonal distortion. The angle (y ) between the (001) plane and the (115) plane
of the strained layer is given by [32]

w=tan"(V2.a,/5.a,) (2.7)

For the cubic symmetry, such as lattice-matched layers or fully relaxed
layers(a, = a, ), thus, v becomes a constant value oftan™ (/2 /5) . Due to the
tetragonal lattice distortion of the strained epilayer (a, # a,) , the tilted angle Ay

between the (115) planes of the GaAs substrate and the InGaAs layer is represented
by [32]

AV =Yoo = Vinton =Wo — 1 =tan'(V2/5)~tan"' (2.4, /5.2,)  (28)

Figure 2.7 shows a typical @ -scan and @/26 -scan mapping measured around the
asymmetrical (115) reflections. It is found that diffraction peaks from both GaAs
(115) and InGaAs (115) planes are directly seen. Separation between the GaAs and
InGaAs peaks in@ -axis “ A@ " was estimated to be -0.08, which corresponds to the
tilted angle Ay between GaAs (115) and InGaAs (115) planes. From the value of

a, , which was estimated to be 5.748 A, and using Eq. (2.8), a, was estimated to be
5.719 A. The next step is to calculate a lattice constant of the relaxed layer(a,,,, ) -

This is a lattice constant of the free-standing crystal. The lattice constant of the
relaxed layer (or free lattice constant) is expressed in terms of elastic stiffness

constant (C,,,C,,):

3 A 135 G At K9 #4., 29)

2'{:II! +CI1

To examine the alloy composition (In concentration or x) from the lattice constant of
the relaxed layer, here we calculated from Vegrad's law (as described in Section
2.3.2):
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Figure 2.7: Typical (115) High resolution X-ray diffraction map of InGaAs layer
grown on GaAs (001) substrate.
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Qi =0y = X0, +(1—X)a5. (2.10)

SinceC; in Eq. (2.9) are the elastic stiffness constant of the alloy, they have to be
averaged depending on the alloy composition. Thus,
_ Xy (CH #(1=X)ag,, .CH™

C, = I (2.11)

a4y

S L AR +(1-x)a,. . .CE*
Cl? * Teids 12 {a } Gads 12 (2.12]
1]

where C,, and C,, are the elastic stiffness constants of In,Gaj.«As. Elastic stiffness
constants for the component binary semiconductors are listed in the Table 2.1.
In the following, these four equations were used to determine In composition (x) of
the In,Ga;..As epitaxial layer. Firstly, we assume for the elastic stiffness constants of
InGaAs as the values of GaAs and a, and a, are calculated from symmetric (004)
20/ @ X-ray diffraction scan and asymmetric (115) @ /26 reciprocal space maps,
respectively by using Eq. (2.9) to find lattice constant of relax layers. Then, the value
ofa,, were used to calculate the In content (x) in In,Ga,As by using Eq. (2.10).
Finally, the calculated x value is used to obtain better approximation for elastic
stiffness constants of InGaAs using Eqs.(2.11) and (2.12). In this case, the lattice
constant of the relaxed layer(a,,. ) was estimated to be 5.734 A. The In
concentration in InGaAs layer was x = 20%. The elastic stiffness constants of InGaAs
were also calculated to be. C,, =11.13 and C,,=5.199 10'' dyn/em’.

Parameters GaAs InAs
a (A) 5.653 6.058
C, (10"dyn/cm®) 11.88 8.329
C, (10"dyn/cm®) 5.38 4.526

Table 2.1: Lattice constants and elastic stiffness constants of GaAs and InAs [33].
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On the other hand, the lattice mismatch is investigated when we known the
lattice constant of the epilayer. In general, the difference in the lattice constant
between a film and substrate can be characterized by the lattice mismatch or lattice

misfit, £, defined as

Aa,, (a,,-a,)

J= (2.13)

a. a,

where a, , are the in-plane and free lattice constant of the epitaxial layer.

a, is the lattice constant of the substrate.

For the Ing.GaggAs epilayer, the values of lattice mismatch of the in-plane and
relaxed lattice constant beitween the layer and substrate were estimated to be 1.168%
and 1.433%, respectively. Moreover, we can judge the strain relaxation and the

residual strain in the layer. The residual strain in directions of parallel (£,) and

perpendicular (£, ) to the substrate surface can be described by following:

ty =y,

(2.14)

Epp =
a,

Higher values of lattice-mismatch effect strain relaxation of the epilayers
corresponding to less value of residual strain. The strain relaxation can be interpreted

from strain factor, which expressed as,

strain factor(%) = —>—°" x100% (2.15)
a,—a

From Eq. (2.15), the strain factor amounts to zero-demonstrative fully relaxation. On
the contrary, 100% strain factor refers to the fully strained layer. £,, £, and strain
factor for the Ing>GaggAs epilayer were determined to be 0.262%, 0.244% and
18.49%, respectively. To describe the strain relaxation, in Figure 2.7, it is found that
the red-dashed and red-dotted lines are calculated by using Eq. (2.8) for fully relaxed
and fully strained Ing>Gag gAs epilayer, respectively. For fully relaxation, the value of
a, is equal to that of a, , showing A@w = 0. For fully strain, the value of a, is equal

to that ofa, . In this case, the Ing2GapgAs epilayer is completely strained. In addition

the broadening of A@ , which indicates the distribution of crystal orientation due to the

generation of dislocations, is referred to the relaxation of Ing,GaggAs epilayer.
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Transmssmn d&ctmn n_microscopy is the teclnﬂqua most widely used for the
observation of mlcmstrucuuﬁ of semiconductor thin films, “such as crystal structures
as well as crystal defects. In our work, TEM is mainly used as a tool for investigation
of dislocation mechanisms in the epitaxial layers. The transmission electron
microscope cambe compared with the optical microscope. In TEM, the light source is
replaced by an electron source which produces an electron beam with energy of
typically 100-400 kV: ‘Schemati¢ ray diagram for a TEM is shown in Figure 2.8.

Electrons emerge from the condenser lenses onto the specimen. Double condenser

lenses produced a nearly parallel incident electron beam at the specimen. The
scattered electrons are concentrated into discrete directions for a crystalline specimen.
These diffracted beams satisfy the requirements of Bragg’s condition. Thus, each set
of parallel crystal planes diffract electrons in a specific direction. The diffracted
electron beams are brought to focus in the back focal plane of the objective lens
which is the plane of diffraction pattern. The diffraction lens is focused on the back
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Figure 2.9: Diffraction pattern of diamond silicon showing the relationship between
objective aperture and TEM images. The BF and DF image is formed by selecting the
direct beam (A) or the diffracted beam (B), respectively.[35]

focal plane and project a magnified diffraction pattern on the main screen phosphor,
namely the diffraction mode. On the other hand, the objective lens produces an
inverted image of the specimen in the first image plane. If the diffraction lens is
focused on this plane, the TEM is operated in the imaging mode, which is a useful
observation for crystal defects. The intermediate lenses are used to magnify this
image further and a highly magnified image can be produced on the main screen
phosphor. Moreover, a selected area of the specimen, which is interested, produces a
selected area diffraction (SAD) pattern by the selective aperture. Due to the use of
electron source, TEM system is under vacuum and the specimen must be very thin to
allow the electrons to penetrate it which is described later in section of sample
preparation. To distinguish the crystal defect types, TEM image mode were
performed and analyzed.

In the TEM imaging mode, a diffraction pattern has been obtained first, since
the pattern indicates how the electron beam scat in the specimen. Figure 2.9 shows a
diffraction pattern from a crystalline material with schematic indication of the
location of objective aperture. When the directly transmitted electron beam through
the specimen is selected, the display image is called “bright field (BF) image” (spot
A). Whereas, when one of the diffracted beams is chosen, the observed image is
called “dark field (DF) image” (spot B). The BF and DF images are two basic types to
form an amplitude contrast in the TEM micrograph. An amplitude contrast of such
images in the TEM will be compounded of mass-thickness contrast and diffraction
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Figure 2.10: Diffraciion contrast at plane near an edge dislocation bent into the

orientation.

contrast. Mass-thickness contrast is important if we are looking at non-crystalline
and/or less uniformity speeimens. On the other hand, we are interested the diffraction
contrast owing to single-crystalline specimen. “Contrast” is the appearance of a
feature in an image. Contrast in-BF and DF images is usually “diffraction contrast™ or
the variations in intensity of diffraction across the specimen. The diffraction contrast
is usually clarified as a result of an elastic scatiering of electrons from planes of atoms
in crystalline material. When electron beams encounters crystalline materials, there is
a strong preferential scattering in a certain well-defined direction according to
Bragg’s condition. The c¢ontrast {C) is defined quantitatively in terms of the different
in intensity (Al) between two adjacent areas. I; and I, are intensities of the areas 1 and

2, respectively.

(2.16)

Diffraction contrast is especially useful to image such crystal defects as dislocations,
stacking faults and grain boundaries. For an example of diffraction contrast, a
schematic diagram of the dislocation contrast is shown in Figure 2.10. To make
dislocations visible in TEM micrograph, the optimum condition is when the

orientation of the entire specimen is close to, but not exactly in the Bragg’s condition.
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In this case, the plane near a dislocation core will be bent locally to satisfy the
Bragg’s condition. Therefore, this local region of the specimen will diffract the
electron beam much more strongly than the adjacent region. The intensity of the
directly transmitted electron beam will be reduced and that of the diffracted electron
beam increased in column near the dislocation. Then, the dislocation will appear as a
dark line in a BF TEM image. On the contrary, the specimen is perfectly flat,
uniformly thick and free of structural defects; the image is homogeneous without

variations in intensity.

I1. Specimen preparation

The cross-sectional specimen for TEM is generally applied to investigate the
epitaxial films. For TEM investigation, the specimen is required to be thin enough for
electron transmission (<200 nm). Therefore, the preparation method must be carefully
taken to obtain the nanometer thickness. The specimen preparation for the cross-
sectional TEM is consisted of four steps which are cutting, clamping, polishing and

ion milling processes.

Cutting process

In order to remove oil on the specimen surface, before cutting the specimen,
the specimen is cleaned with acetone and followed by methyl alcohol. After that the
specimen surface is stick on the microscope slide with masking tape and cut the
specimen in size of 1 X 2 mm”by a 0.16 mm diamond-wheel saw, as shown in Figure
2.11. This specimen size is selected to match the specimen grid with diameter of 3-
mm, which can be contained in the specimen holder for TEM system.

Clamping process

After the cutting process, the specimen surfaces are cleaned again using
acetone and followed by methyl alcohol. As shown in Figure 2.12 (a), the clamping
process is to stick surfaces of the 2 specimens together with M-BOND 610 glue. Then,
clamp the stuck specimens with the clamping holder and then screw the hold up until
the 2 specimen surface was tight, as shown in Figure 2.12 (b). After that, the clamping

holder was heated using the hot plate at temperature of 80 °C for 24 hours, as shown
in Figure 2.12 (c).
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Figure 2.11: Cutting instrument shml.)ring a low speed diamond-wheel saw (left) and a
cut specimen (right).

heating

Figure 2.12: (a) Schematic diagram of stuck surfaces of 2 samples. (b) Clamped
specimen. (c¢) Heating clamping holder on the hot plate at 80 °C for 24 hours. (d)
Specimen on the triangle shaped glass holder.
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Polishing process

The clamped specimen is stuck on the polishing holder (triangular-shaped
glass holder) with Kenji glue. This specimen holder is heated on hot plate at 80 °C for
30 minutes which is to dry the glue, as shown Figures 2.12 (c) and (d) . A diamond
lapping films is attached on the polishing machine. The specimen is grinded and
polished with diamond lapping films that have 9, 6, 3, 1 and 0.5 pm diamond lapping
size, respectively, as shown Figure 2.13. To polish the first side of the clamped

specimen, the specimen is polished until the thickness is approximately half of its
original thickness. Then, the specimen'.-i‘é)!i;med over and polished again until the
thickness is approximately about 50 pm.

on the polishing machine.
-/

Figure 2.14: (left) Specimen on copper grid and (right) ion beam milling machine.
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Ion milling process

A copper grid is stick on the polished specimen with M-BOND 610 glue. Then,
the specimen is heated on the hot plate at 80 °C for 4 hours. The specimen on copper
grid is taken apart from the polishing holder using acetone. After that, the specimen
on copper grid is milled with GATAN Precision Ion Polishing system (PIPs) model
691 (time, voltage and ion beam angle vary depending on the thickness of specimen).
Figure 2.14 shows the specimen on copper grid (left) and ion milling machine. In our
experiment, Ar’ ions beam is used with milling conditions as following: milling angle
vary from 4° to 10°, 40 keV and milling time about 5 to 10 minutes. The final
specimen thickness is almost produced an electron transparency. Lastly, the grid
specimen is positioned in TEM system (a JEOL JEM-2010 microscope), which
operated at 200 kV.



CHAPTER 111

GROWTH INFORMATION AND
INITIAL INVESTIGATIONAL RESULTS

In this chapter, the information of metalorganic vapor phase epitaxial
(MOVPE) growth processes and structures of the four types of InGaAs buffer layers
used in this study is deseribed. Besides, initial investigational results of all the InGaAs

buffer layers, such as composition, surface morphology and strain relaxation, are

presented.

3.1 InGaAs Buffer Layers

3.1.1 Growth information

All the In,Ga;.,As buffer layers were grown on (001) GaAs substrates by
metalorganic vapor phase epitaxy using trimethylgallium (TMGa), trimethylindium
(TMIn) and tertiarybutylarsine (TBAs) as the source materials of Ga, In and As,
respectively. The growth was performed at low-pressure of 60 Torr. To prevent the
surface roughening of the GaAs substrate, the growth was initially started on the
GaAs (001) surface with ~250 nm-thick GaAs buffer layer at 650 °C. Then the
temperature was reduced and stabilized at 550 °C for all the growth of InGaAs layers
because the In-As bond energy is lower than that of the Ga-As bond and is always
kept below 550 °C. For the InGaAs layer, the V/III ([AsH3]/[TMGa]) ratio was fixed
to be 15. On the other hand, the ratio of [TMI})/[TMI+TMG] was varied for each
sample. The detailed structures of the four types of InGaAs buffer layers are described

in the next section.
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3.1.2 Structures of samples

In a typical sequence of growth experiments reference samples of InGaAs
constant composition layer (CL-InGaAs) would be grown first, followed by a set of
samples of InGaAs buffer layers prepared using different growth strategies. Figure 3.1
shows a schematic diagram of the four types InGaAs buffer layers used in this study.

Firstly, Figure 3.1 (a) shows In,Ga,.,As layers with a constant In composition
(x) (CL-InGaAs). To calibrate the In concentration, six samples of CL-InGaAs with
different ratios of [TMIY[TMI+TMG] (x, = 0.1, 0.2, 0.24, 0.3, 0.4 and 0.5) were
investigated. Higher incorporation of In is expected due to enrichment of the In
supply at higher [TMI}/[TMI+TMG] ratios. Note that, in each sample, the flow
supplies of precursors of As and Ga were kept constant. In concentration in the CL-
InGaAs layers were examined by high resolution X-ray diffraction (see in Section
3.2.1)

Secondly, Figure 3.1 (b) shows In,Ga; As buffer layer on linearly-graded
In,Ga,4As layers (LG-InGaAs). This structure obtained by linear grading the In
content of the In,Gaj..As layer from zero up to some final composition x; = 0.24,
followed by 800-nm-thick Ing24Gag 76As buffer layer. The grading rate was estimated
using the growth conditions of CL-InGaAs to be about 1% In / 40 nm.

Thirdly, Figure 3.1 (c¢) shows In,Ga;.xAs buffer layer on step-graded
InyGa,.«As layers (SG-InGaAs) prepared using 3-step graded type of structure. The
two In,Ga;.xAs CLs exhibit In concentration of x = 0.8 and 0.16 and thickness of 200
nm, respectively. The top of the graded part consists of a 400-nm-thick Ing24Gag 76As
cap layer with fixed composition x,= 0.24, The grading rate of the linear grading parts
was also estimated using the growth conditions of CL-InGaAs to be about 1% In/ 40
nm.

Lastly, as shown in Figure 3.1 (d), structure of In,Ga.,As buffer layer on
In;,GajxAs /GaAs strained-layer superlattice (SLS) consists of a 60-periods
Ing 4sGag s2As/GaAs strain-layers superlattice deposited on the top of a 400-nm-thick
GaAs buffer layer, and capped by a 400-nm-thick CL-Ing4Gag7sAs as the buffer
layer. Thickness and composition of the sample were estimated using the growth
conditions of CL-InGaAs.
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Figure 3.1: Schematic diagram of (a) In,Ga;As (x = 0.1, 0.2, 0.24, 0.3, 0.4 and 0.5)
constant composition layers, (b) Ing24GagzsAs buffer layer on linearly-graded
In,Ga;.4As layer, (c) Ing24Gag 7sAs buffer layer on step-graded InyGa,.<As layer, and
(d) Ing24Gag 76As buffer layer on Ing 4sGag s2As/GaAs strain-layer superlattice.
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3.2 Initial Investigational Results

3.2.1 Structural and Compositional investigation

To examine In concentration, HRXRD was carried out. Both (004) symmetric
260/ w-scan and (115) asymmetric @ — 26 reciprocal space maps were done. Figure
3.2 shows HRXRD (004) profiles of InGaAs layers with different In supplies. With
increasing In supply from 10% to 50%, diffraction peak corresponding to InGaAs
shift away from the GaAs (004) diffraction peak, as expected from an increasing the
lattice-mismatched with raising incorporation of In. Full width at half maximum

(FWHM) of diffraction peak corresponding to the InGaAs are increased when In

||||‘I_II_1'I'|'!1J|$[||IIII|I!|IIIII ||l'l'[T
— InGaAs/GaAs(001) GaAs(004)
18 | _ o
e | T‘ &k InGaAs(004)
10" -
- In= "]'}'il
10"

X-ray intensity (a.u.)
=
I

m" - In=20%

| In=50%

PIRN A O W

63.0 635 640 645 650 655 66.0 665
20/® (deg)

Figure 3.2: High resolution X-ray diffraction (004) profiles of InGaAs layers grown

under different In supplies.
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supply was increased. This indicates that crystal quality of the InGaAs layers was
degraded, resulting in introduction of structural defects into the layer. The

perpendicular lattice constant (a, ), the in-plane lattice constant (a, ), relaxed lattice
constant ( a, ), the in-plane lattice mismatch ( f, ), the elastic stiffness constant,

(C,,,C,,) in unit of 10" dyn/cm” and the In concentrations (x), which were obtained

by HRXRD measurements, are summarized in the Table 3.1. These results
demonstrate that, the In concentration (x) differ from the In flow supply (x,) as
following relation, x, = 0.68x. The lattice parameters are raised follow upon In
incorporation and are larger than that of GaAs (ay,,, =5.653 A).

The In concentration in the InGaAs buffer layers on LG-InGaAs, SG-InGaAs
and SLS-InGaAs/GaAs were also examined by HRXRD measurements. Figure 3.3 (a)
shows HRXRD (004) profile of InGaAs buffer layer on LG-InGaAs. Well-resolved
InGaAs (004) diffraction peaks were clearly observed together with the GaAs (004)
diffraction peak. We found additional peak near the GaAs diffraction peak assuming
that constant layer are generated at the initial stage of the growth. Another peak

located at the lowest diffraction angle refers to the InGaAs buffer layer.

In flow a, a, ag T Cy; Cys In concentration
supply %) | d) - | A |AD |9 in(7e)

10 5692 |5.657 |5.675 |0.07 [11.67 [533 |55

20 5713 | 5677 |5.696 |043 |1148 [528 |11

24 5.737 | 5.705 |5.722 |092 |[11.24 [522 |17

30 5748 | 5719 | 5.734  |1.17 |11.13 .[520 |20

40 5780 | 5747 | 5.764 | 1.66 | 1085 [5.13 |27

50 5808 | 5.761 | 5.785. | 1.91 | 10.66. [5.09 |33

Table 3.1: Summarized of results obtained by HRXRD for all the CL-In,Ga,.zAs
buffer layers. The results show the perpendicular lattice constant (a, ), the parallel
lattice constant ( a,, ), lattice constant of relax layer (a, ), the in-plane lattice mismatch

( f,), the elastic stiffness constant, ( C,, ,C,;) in unit of 10" dyn/cm® and In

concentration.
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Figure 3.3: High resolution X-ray diffraction (004) profiles of InGaAs buffer layers
on (a) LG-InGaAs, (b) SG-InGaAs and (¢) SLS-InGaAs/GaAs.
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In Figure 3.3 (b), HRXRD (004) profile of the InGaAs buffer layer on SG-InGaAs is
shown. It is found that HRXRD pattern consists of broaden curve and well defined
diffraction peaks, which are attributed to three CL-layers inserting between the graded
parts. Figure 3.3 (c) shows HRXRD (004) profile of the InGaAs buffer layer on SLS-
InGaAs/GaAs on GaAs substrate. The arrows indicate the fringes of the interference
from the InGaAs/GaAs heteroepitaxial interfaces. This indicates that the SLS-
InGaAs/GaAs was successfully grown. The In concentration in all the InGaAs buffer
layers were examined using both (004) symmetric 26 /@ X-ray diffraction scan and
(115) asymmetric @ — 26 reciprocal space maps, as described in Chapter 2. To
calibrate the In concentration, thickness and the grading rate in the grading part of the
buffer layers, the growth conditions, such as In supply and growth time, were used. It
is found that the grading rate of the LG-InGaAs and the SG-InGaAs were 1% In/ 60
nm and 1% In/ 85 nm, respectively. On the other hand, the In concentration and the
period-thickness in the superlattice part of the SLS-InGaAs/GaAs is determined to be
33% In and is 17 nm/period, respectively. Structural investigational results of all the
InGaAs buffer layers investigated by HRXRD are summarized in Table 3.2. It can be
seen that residual strain in all the InGaAs buffer layers are almost relaxed. However,

based on data of HRXRD measurements, the value of a, and a, is still smaller than

that of a,. This indicates that all the InGaAs buffer layers are still under
compressive-strain. It is evident from HRXRD reciprocal space mapping
measurements that the InGaAs buffer layer are partially strain-relaxed from the GaAs
substrate. Further, it is found that there is a different of the structural quality between
the Ing10Gag 31As buffer layer on I__,G-InGaAs, Ing 16Gag g4As buffer layer on SG-
InGaAs and Ing 7Gag g:As buffer layer on SLS- Ing33Gag 67As/GaAs from appoint of
the values of FWHM for the InGaAs (004) diffraction peaks. FWHM of the InGaAs
buffer layers on LG-InGaAs, SG-InGaAs and SLS-InGaAs/GaAs are 9.6, 7.8 and
12.6 min, respectively. This implies that the Ing 1¢Gag ssAs buffer layer on SG-InGaAs
layer has higher structural quality than that of the Inj;9Gag g As buffer layer on LG-
InGaAs layer and the Ingp;7GaggsAs buffer layer on SLS-Ing33Gag ¢7As/GaAs.
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In,GayAs buffer |x | a, a, a, f, |FWHM | Thickness |
layer on (%) | (A) (A) (A) (%) (arcmin) | (um)
LG-InGaAs 19 |5.731 |5727 |5730 (13 |96 0.95
SG-InGaAs(CL,) |5 |5.674 |5671 |5.673 |04 |6.1 0.36
SG-InGaAs(CL;) |10 |5.697 |5.691 [5.694 [0.7 |75 0.37
SG-InGaAs(CL;) |16 |5.727 [5.711 [5720 |10 |78 0.95
SLS-InGaAs/GaAs | 17 |5.721 |5.720 |5.720 |12 12.6 0.88

" Layer thicknesses were determined using TEM

Table 3.2: Structural investigational results of the In,Ga,.,As buffer layers on LG-
InGaAs, SG-InGaAs and SLS-InGaAs/GaAs showing In concentration (x),

perpendicular (@, ), in-plane (@, ) and relaxed ( a, ) lattice constants as well as the in-

plane lattice mismatch ( f},, Aa, /a,).

3.2.2 Surface morphologies

In order to study effect of In incorporation on surface morphology of the
InGaAs buffer layers, atomic force microscopy (AFM) technique is carried out.
Figure 3.3 (a)-(e) shows the surface morphology of the In Ga;.xAs layers with
constant In concentration of x = 0,055, 0.11, 0.17, 0.20, 0.27 and 0.33, respectively.
Figure 3.3 (a) appears as a network of crossing lines in directions of [110] and [1-10].
It is clearly seen that such crossing lines become denser due to an increasing In
concentration as shown in Figure 3.3 (b)-(d). Since, the MOVPE grown epitaxial
films, which are not lattice-match to underlying substrates, generally exhibits crossing
lines surface known as “cross-hatch pattern” [36]. Cross-hatch pattern was first
reported by Burmeister [37] in the GaAsP/GaAs heterostructure and also investigated
in-other lattice-mismatched systems such as GaAs/Si [38] and InGaAs/InP [39].
Figure 3.3 (a)-(d) exhibits cross-hatch morphology in the feature of two-dimensional
(2D) growth mode (layer-by-layer) which has In content below 0.2 (x<0.2). We
believe this feature related to the generation of interfacial MDs, resulting in the
relaxation of the residual strain and two-dimensional (2D) growth [40]. AFM image,
in Figure 3.3 (e), shows an appearance of the transition of the 2D growth mode to the
three-dimensional (3D) growth mode. On the other hand, Tamura et al. have
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Figure 3.4: AFM images of In,Ga;.xAs layers with different In concentrations (a)

IngosGagosAs, (b) ImpnGaggeAs, (¢) Ingi9GapgsAs, (d) Ing2GapgeAs, (€)
Ing 27Gag 73As and (f) Ing 33Gag g7As.
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Figure 3.5: AFM images of (a) Ing19GagsAs buffer layer on LG-InGaAs, (b)
Ing,16Gag ssAs buffer layer on SG-InGaAs and (c) Ing 17Gag g3As buffer layer on SLS-
InGaAs/GaAs.
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reported that, for x < 0.2, the 2D layer-by-layer growth is operative, while for x = 0.3,
the 3D island growth mode is dominated. For 0.2 < x < 0.3, the growth mode should
be the intermediate stage from the 2D growth mode transition to the 3D growth mode.
Our results are corresponding to the results reported by Tamura et al. It was suggests
that an increasing In concentration strongly affects on the surface morphology and
generation of misfit dislocation at interface due to higher lattice-mismatching.

Next, we also examined the effect of LG-InGaAs, SG-InGaAs and SLS-
InGaAs on the surface morphology of the InGaAs buffer layer, as shown in Figure 3.4,
It is seen that, for the InGaAs buffer layers on LG- and SG-InGaAs, the surface
morphology still exhibits cross-hatch like-pattern, indicating domination of 2D
growth mode (Figure 3.4 (a) and (b)). The 3D island growth mode was exhibited in
the Inp 17Gag g3As buffer layer on SLS-InGaAs/GaAs (Figure 3.4 (c)).

3.3 Strain Relaxation in InGaAs Buffer Layers

In this part, initial investigated results of strain properties in InGaAs buffer
layers, such as residual strain (z,) and strain factor (f), are discussed. Figure 3.6

summaries the measured (a) residual strain and (b) strain factor of the InGajAs
layers on GaAs substrates with In content of 5.5-33%. It is seen that the values of
residual strain in all the layers are about 0.25-0.45%, indicating an appearance of
strain relaxation in the layers. However, note that the values of residual strain in all
the InGaAs layers are almost the same value. On the other hand, as seen in Figure 3.6
(b), the values of strain factor, which reflect to the strain relaxation in the layers, is
decreased from 80% to 20% for the InGaAs layers with In concentrations of 5.5% and
33%, respectively. A large reduction of the strain factor is due to the strain relaxation
of the lattice by an introduction of MDs. These results suggest that all the InGaAs
layers are under partially strained.

Now we return the discussion of the analysis of the asymmetric (115) HRXRD
A28/ @—-A @ mapping. For comparison, the (115) HRXRD maps of the four different
InGaAs buffer layer grown using different strategies are shown in Figure 3.7. As
shown in Figure 3.7, no rotation of the elliptic contour, which indicates an existence
of the residual strain in the layer, were observed. It is clear from Figure 3.7 (b)-(d)
that both @ -mode and 28/ @ -mode FWHM from InGaAs buffer layers on LG-, SG-
and SLS-InGaAs are broaden compared to those from InGaAs layer on
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Figure 3.6: Calculated values of (a) residual strain (%) and (b) strain factor (%) of
InyGa,.As layers with different In concentrations of x = 5.5, 10, 17, 20, 27 and 33%.

GaAs (Figure 3.7 (a)). This means that the crystal mosaicity and the lattice-relaxation
in InGaAs on LG-, SG- and SLS-InGaAs are larger than those in InGaAs on GaAs.
On the other hand, the broadening in m-mode FWHM from the InGaAs buffer layers
on LG-, SG- and SLS-InGaAs (Figure 3.7 (b)-(d)) is apparently limited by the mosaic
of the graded and superlattice patrs. Since the mosaicity in the LG-, SG- and SLS-
InGaAs parts is larger than that of the GaAs substrate, the mosaicity of InGaAs buffer
layers grown on the LG-, SG- and SLS-InGaAs should be also large. However, it is
considered to be not sufficient to dominate the buffer layer properties. Table 3.3
summarizes - the . measured - lattice . parameters of the  InGaAs buffer layers

perpendicular ( @, ) and parallel (a, ) to the GaAs (001) surface and in-plane lattice-
mismatch (&, = Aa,/a ), strain factor and FWHM of asymmetric (115) Aw . The

measured lattice paramenters for InGaAs show that substantial tensile strain along
[001] direction is present in the InGaAs buffer layers on SG-InGaAs and GaAs. This
tensile strain is attributable to an imperfect lattice relaxation at the heteroepitaxial
interface. On the other hand, fully relaxed layers with the smallest value of residual

strain were clearly observed for the InGaAs buffer layers on SLS-InGaAs and LG-
InGaAs.
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GaAs, 17-] 5.737.| 5.705 .| 5.7221 0.9 8?01 23
LG-InGaAs 19 | 573115927 11 5.730 1.3
SG-InGaAs 16 |5.727|5.711 |5.720| 1.0 |0.16 |13

SLS-InGaAs/GaAs | 17 | 5.721 | 5.720 |5.720 (1.2 | 0.01 | 0.1

Table 3.3: Lattice parameters (a, , a, and a,), lattice misfit (f) , residual strain (&, ),
strain factor and FWHM of asymmetric (115) for the In Ga;.<As buffer layers on
GaAs, LG-InGaAs, SG-InGaAs and SLS-InGaAs/GaAs.



3.4 Summary

The InGaAs buffer layers on GaAs, LG-InGaAs, SG-InGaAs and SLS-InGaAs/GaAs
grown by MOVPE were initially investigated. First, it is found that higher
incorporation of In directly effects on the strain properties of the In,Ga;..As layers on
GaAs substrates, as follows.
(1) Increase of lattice-mismatching between the InGaAs layer and the GaAs
substrate
(2) Reduction of residual strain and strain factor
(3) The cross-hatch morphelogies, resulting from the generation of misfit
dislocations at interface owing to 2D growth mode, for In concentration lower
than 20%
(4) Growth mode transition from the 2D growth mode to the 3D island growth
mode for the In concentration higher than 30%

On the other hand, it is found that the InGaAs buffer layers on GaAs, LG-
InGaAs, SG-InGaAs and SLS-InGaAs/GaAs are mostly relaxed from the GaAs
substrate. The observation of strain relaxation in InGaAs buffer layers are arrange
from SLS-InGaAs, LG-InGaAs, SG-InGaAs and CL-InGaAs, respectively. The
surface morphology exhibits 2D growth mode in LG-InGaAs and SG-InGaAs and
shows 3D growth mode in SLS-InGaAs/GaAs.



CHAPTER 1V

TEM INVESTIGATION OF InGaAs
BUFFER LAYERS

In this chapter, we describe the investigational results of the InGaAs buffer
layer grown on GaAs, LG-InGaAs, SG-InGaAs and SLS-InGsAs/GaAs using
transmission electron microscopy. The main type of structural defects in the InGaAs
buffer layers is found to be a linear defect (dislocations). Based on TEM data, we
clarify the dislocation types. which are strongly depended on the epitaxial growth as
well as the material properties of epitaxial layer, such as lattice parameter, thermal
expansion coefficient, and bond strength, etc. Accordingly, simple models are also
used to describe the formation mechanism of such dislocations in microscopic scale.
Finally, a comparison of microstructural properties between the four types of InGaAs

buffer layer is discussed.

4.1 Microstructures of InGaAs on GaAs

GaAs (001) substrate

Figure 4.1: Schematic illustration of the Ing,7GaggsAs and Ing27Gagr3As layers
grown on GaAs (001) substrates. Layer thicknesses of the Ing;;GagssAs and
Ing 27Gag 73As layers are 1.3 and 0.46, respectively.
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l
Figure 4.2: Bright-field TEM image of Ing 17Gap s:As buffer layer on GaAs.

In this part.,@p*ﬁc_.lhg-_.hﬁau,gggs @d Ing »7Gag 73As layers, on GaAs (001)

substrates with diffgﬁﬁt__m anncepiraﬁ_phs and thickness but similar residual strain
(&, =0.3%) were selected to ii'wi.astigalélﬂié dislocation mechanism. Figure 4.1 shows

A g d 44
a schematic illustration of the In.Gaj.As buffer layer with In concentrations and

thickness of 17% and 27% and 1.3 pm and 0.46 pum, respectively. To understand
dislocation mechanism in InGaAs ané;am:&ﬁ the Ing7GaggiAs and Ing27Gag73As
layers were investigated by;:s::ﬁ;s—&ecﬁ&i\fBM. The bright-field TEM micrograph
shown in Figura‘_é.? ‘represents the Ing 17Gag s As lalYe"{qfh_,;GaAs. It is clearly seen that
the MDs visibl‘b"f‘hymiheir strain contrast, m?c_é%eﬂ near the InGaAs/GaAs
heteroepitaxial interface. This dominant is seen as black-doted contrasts at interface.
Above-mentioned in heteroepitaxy found that it is very difficult to grow crystal with
low density of dislocations owing 1o’ creation of dislocations during the growth and
subsequent cooling down. Formation of black-doted contrasts demonstrates that an
interface with lattice misfit is formed between the epitaxial Tayer and the substrate.
Three types of interface are possible, namely coherent, semi-coherent and incoherent
interfaces. Coherent interface occurs when the lattice parameters of the epitaxial layer
and the substrate have perfect lattice-matching. Semi-coherent interface between the
epitaxial layer and the substrate in which there is partial lattice-matching. As shown in
Figure 4.3, the boundary of partial lattice-matching interface is separated by regions
of distortion, i.e. dislocations. Finally, incoherent interface appears when there is no

lattice matching as grain boundary.
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Figure 4.3: Coincidence model of an interface with lattice misfit; (a) perfect

+——Misfit dislocation

coincidence lattice with a lattice plane ratio of m/n = 5/6, (b) coincidence lattice with
coherence relaxation within the unit cells. a, and a, show lattice constant of InGaAs

and GaAs, respectively.

From the three types of interface described above, the semi-coherent interface is
possible considered in the case of the InGaAs/GaAs interface corresponding to the
coincidence models of an interface with lattice misfit, as shown in Figure 4.3 [41].
For example, the perfect coincidence lattice with a lattice plane (m) of InGaAs is m =
5 and a lattice plane (n) of GaAs is n= 6. This indicates that the lattice constant of
InGaAs is larger than GaAs (Figure 4.3 (a)) and, then, the accommodations of lattice
planes at the interface are shown in Figure 4.3 (b). The boundary between the InGaAs
layer and the GaAs substrate indicated to misfit dislocations as seen in the TEM
image (Figure 4.2). Based on the coincidence model, the black-doted contrasts in our
TEM image shown in Figure 4.2 are analyzed to be MDs, which is due to the lattice-
mismatching occurred during the epitaxial growth. In the TEM image, different size
of black-doted contrasts is due to the generation of dislocation cores and lattice
distortion. Consistent with the HRXRD measurements (Section 3.3) and surface
morphology (Section 3.2.2) described in the Chapter 3, the generation of misfit
dislocations is visible at the InGaAs/GaAs interface. Although, the misfit dislocations
do not propagate through the InGaAs layer, we found that the strain contrast, which is

attributable to the preparation of very thin specimen, propagates from GaAs to the
InGaAs layer.



(b)

200 nm

(c)

Figure 4.4: Bright-field TEM images of Ing27Gag73As buffer layer on GaAs. (b) is a
selective area thicker than area(a). (c) shows @ schematic diagram of 3D growth
mode. Red arrows indicated threading dislocations (TDs) generating at the interface

and propagating though the layer,

Next, the Ing17Gag73As layer on GaAs is examined to investigate effect of In
incorporation on the formation of micro-structural defects. Figure 4.4 (a)-(b) shows
cross-section BF-TEM micrographs of Ing 27Gag 73As/GaAs with different areas. Also,
Figure 4.4 (c) shows a schematic diagram of the 3D island growth mode [18]. It is
clearly seen that the misfit dislocations are generated at heteroepitaxial interface. In

addition, we find the island-like features near InGaAs interface and line-contrasts,
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propagating from the interface to through the layer. The line-contrast is obvious seen
in thicker selective area of the specimen, as shown in Figure 4.4 (b). Further,
according to the island-like surface morphology (see Figure 3.5 (c)), then, we can
create a schematic diagram of the growth mode as the 3D island growth mode, as
shown in Figure 4.4 (c¢). We can explain this growth as follows. Coalescence of the
islands during the epitaxy has led to the introduction of undesired threading
dislocations [42], which transmit through the InGaAs layer up to the free surface.
Thus, the line-contrast is attributed to the TD. This result suggests that the
introduction of structural defects in the hetéroepitaxy is not only dependent on the
lattice-mismatch but also strongly affected by the growth mechanism. With increasing
In concentration, a higher number of structural defects is present in the layer than that
observed in layer with-lower In concentration. The introduction of TDs in the
heteroepitaxy is the understanding of the actual growth mode during the initial stage
of the epitaxial process, especially when the 3D island growth occurs.

4.2 Microstructures of InGaAs on LG-InGaAs

Figure 4.5 shows a schematic illustration of the Ing 9GaggiAs buffer layer on
the linearly-graded layer grown on the GaAs (001) substrate in accord with cross-
section BF-TEM micrographs shown in Figure 4.6. For the linearly-graded part in
Figure 4.6, thedislocations are spread throughout the graded layer, while a

GaAs buffer (400 nm)

GaAs (001) substrate

Figure 4.5: Schematic illustration of the Ing9Gag g As buffer layer on the linearly-
graded InGaAs layer grown on GaAs (001) substrate.
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|
(b) 300 nm

Figure 4.6: Cross-section BF-TEM micrographs showing (a) the linearly-graded
structure depicted in Figure 4.5 and (b) the structural defects, which are generated
within the linearly graded part. Mixed dislocations and dislocation loops are indicated

by violet arrows and red circles, respectively.

dislocation-free layer was observed in the Ing,90Gag g As buffer layer. This
demonstrates that the InGaAs buffer layer with high crystal quality and full relaxation
was grown. In general, however, dislocations are bent and irregular, especially after
plastic deformation. It is found that the shape of dislocation can be curve line, as
shown in Figure 2.3 (c), which is a boundary separating the slipped and unslipped
regions of the crystal. This boundary is attributed to mixed-type dislocation which is a

transition region between edge and screw dislocations. Therefore, the curvature-line
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Figure 4.7: Schematic illustration of the formation of dislocation loop. (a) Represents
a crystal with a large non-equilibrium concentration of interstitials (left) and
vacancies (right). (b) The interstitials and vacancies have complied on a close-packed

plane and (c) the habit plane of the dislocation loop.

contrasts in our TEM micrograph are assigned to be mixed-type dislocations while
looking along (001} direction, as shown in Figure 2.3 (c). It is found that the
characteristics of loop-line contrasts are half and full loops (Figure 4.6 (b), red circles).
In atomic scale, if the dislocation consists of an extra plane of atoms (or a missing
plane of atoms) lying entirely within the crystal, then the dislocation is known as a
dislocation loop. The dislocation line of the dislocation loop forms a closed curve that
is usually circular in shape. The formation of loop-line is generated with a large non
equilibrium concentration of vacancies and interstitials [19] and they have complied
on a close-packed plane, as shown in Figures 4.6 (a) and (b). The determination of
loop-line requires the knowledge of the habit plane of the dislocation loop (Figure 4.7
(c)). The types of dislocation loop depend on character of the habit plane [43]. The
vacancy type of the dislocation loop exhibits to missing plane of atoms in the perfect
crystal and the interstitial type of the dislocation loop display to extra plane of atom.
Results from our TEM micrograph show that the loop-line contrasts are possible
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explained as the dislocation loop, which shows both the interstitial and vacancy types.
High density of dislocations in the linearly-graded part strongly suggests that the
graded layer must achieve full relaxation, which effect to strain relief in the
Ing 19Gag g1 As buffer layer. However the dislocations density has unequal in the all of
linearly-graded layer, it is due to the different degree of relaxation in each region. In
this sample the both initial growth and post-growth are examined beside lattice
mismatch and growth mechanism (3D) in constant buffer layer to generation of
dislocation. Owning to the majority of dislocation lines are generate horizon with
interface. It has been supposed that, strain relaxation is occurred during cooling down
process, owing to the difference in properties of the epitaxial layer and substarte that
are thermal expansion coefficient, elastic stiffness constant and bond strength. The
Table 4.1 summarizes values of material properties of GaAs and InAs. Using the
linear interpolation of coefficient of thermal expansion and bond strength between
InAs and GaAs, when increasing In concentration, the values of coefficient of thermal
expansion and bond strength are decreased as well as elastic stiffness constant. The
analyzed results suggest that the growth of linearly graded layer can be compared as
small step over and over interface. The bond strength of In,Gay.cAs is decrease so the
distortion of bond is possible origin of dislocation lines, which are nucleated at small
step parallel to interface of graded layer.

Binary Thermal expansion | Elastic stiffness constant | Bond strength
compound coefficient (10" dyn/em?) at25°C
materials (x10°%/°C) (KJ/mol)
In-As 452 C11=8.329, C);=4.526 | 201

Ga-As 6.86 ) Cin=11.88,C2=5.38. |2096+12

Table 4.1: Thermal expansion coefficient, elastic stiffness constant and bond strength
of In-As and Ga-As [33].
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Tng 1 GggeAs buffer layer
=y (950 nm)

In,Ga, ,As (0<x<0.16, 1%In/85 nm)
step-graded layer 2 pm

GaAs buffer (400 nm)

GaAs (001) substrate

Figure 4.8: Schematic illustration of the Ing sGagssAs buffer layer on step-graded
layer grown on GaAs (001) substrate.

4.3 Microstructure of InGaAs on SG-InGaAs

Next, we investigate the sample of Ing 4GaggsAs buffer layer on SG-InGaAs
grown on GaAs substrate, as shown in Figure 4.8. Sample structure consists of 3-CL-
InGaAs and 3-LG-InGaAs layers. In Figure 4.9, cross-sectional BF-TEM micrograph
shows that the majority of the misfit dislocations are confined to the LG-InGaAs
layers. In addition, the occurrence of threading dislocations is observed in constant
layers (pink arrows) which generate from linearly-graded regions. It is clearly seen
that the dislocation loops are also visible in LG3-InGaAs region. The effect of having
composition steps and constant composition layers in the structure is to confine the
misfit dislocations to the interfacial regions between layers. As described in Chapter 3,
the residual strain in Ing psGagesAs. Ing 10GageeAs and Ing 14Gap saAs constant layer is
0.03%, 0.05% and 0.16%, respectively, since the distribution of dislocations density
in each LG-InGaAs, which is unequal effects to a generation of dislocation in the CL-
InGaAs layers. If LG-InGaAs is less relaxed, this demonstrated an existence of
residual strain in the CL-InGaAs and LG-InGaAs layers. This is due to the thickness
of each LG-InGaAs is not enough to strain relieve, then, the CL-InGaAs layers are
also strained. It has been suggest that raising thickness of LG-InGaAs is required in
Ing 19Gag g1 As buffer layer on SG-InGaAs sample.
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GaAs (001) substrate

Figure 4.10: Schematic illustration of the Ing;7Gags:As buffer layer on the strain-
layer superlattice InGaAs/GaAs grown on GaAs (001) substrate.
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Figure 4.11: Cross-section BF-TEM micrograph showing the Ing,7Gags3As buffer
layer on the strain-layer superlattice InGaAs/GaAs grown on GaAs (001) substrate
corresponding to Figure 4.10.

Lastly, the Ing7Gags:As buffer layer on strain-layer superlattice
InGaAs/GaAs {SLS-Inm;Gaq_ﬂﬁstai;j grown on GaAs (001) substrate was
investigated and discussed. Figure 4.10 shows a schematic diagram for structure of
the Ing 7Gag s3As buffer layer on the SLS-InGaAs/GaAs. Cross-section BF-TEM
micrograph is shown in Figure 4.11. Certainly, we see formation of MDs at the
interface 1 as an indicated by green arrows. In general, contrasts of threading
dislocations in the SLS-Ing ;:GaggrAs/GaAs are wavy, especially first 5 periods of the
superlattice and some part of TDs continuance to surface indicated by blue arrows
(Figure 4.11). The cross-section BF-TEM micrograph in the InGaAs buffer layer
region shows distinet tilted line contrasts which are inclined at about 54.7° to the
GaAs (001) surface. This mean that the tilted line contrasts are nearly parallel to the
{111} planes in the InGaAs buffer layer throughout to surface (white line, Figure
4.11). This tilted line contrasts are known as dominant feature of stacking faults
generating in the cubic symmetry. Stacking fault generated along the cubic (111)
plane is an insertion of 1 monolayer of hexagonal structure between two single
crystalline cubic structures rotated by 60° [44]. Moreover we can be seen some tilted

line contrasts end inside buffer layer and beginning again in crystal. Figure 4.12
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Figure 4.12: Illustration of possible crystal defect in InGaAs buffer layer at (110)
cross-section is partial dislocation. The red loop shows burger circuit and black arrow
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shows burger vector.

shows a schematic of the possible mechanism in atomic scale of stacking fault which
end inside the crystal. It is found that when a stacking fault ends inside the crystal, the
boundary in the plane fault, separating the faulted region from perfect region of the
crystal which produces burger cireuit indicated to burgér vector (black arrow) unequal
to 1 lattice site, is called a partial dislocation. |

Next, we consider relieve of strain in this sample. Above-mentioned TDs are
generated in first 5 periods of the SLS part due to high contrast, which demonstrated
strain relaxation comparing with above part of SLS-InGaAs/GaAs. This suggests that
the average composition of 17% In in the SLS part may strongly affect to the
generation and confinement of dislocations at the interface region. Although, a few
TDs are still propagated in SLS-InGaAs/GaAS, but some of them is end at the SLS-
InGaAs/GaAs interface. This is due to different in elastic stiffness constant between
InGaAs and GaAs. These results demonstrate an evidence for some filtering of TDs
by the SLS due to their bending at the heteroepitaxial interfaces.
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4.5 Discussion: A comparison

In general, constant composition buffer layer are useful analysis, e.g. to
looking parameter when vary In concentration, but provide no clear advantage in
terms of efficient relaxation. For LG-InGaAs layer, there are a large number of
dislocations confined at LG-InGaAs which is the origin of strain relaxation. Note that
no obvious threading dislocations were observed in the buffer layer. There is a
dislocation-free region and fully relaxation in the buffer layer. It is clear that LG
technique is suitable for pseudo-substrate. In contrary resulting from SG technique, it
is shown that all the CL-layers are under strained owing to less enough layer thickness.
Thus, if the buffer layer is grown such SG-InGaAs, it is possible to obtain TDs and
residual strain in the buffer layer. On the other hand, the buffer layer on SLS-
InGaAs/GaAs exhibits fully relaxed. But, there is a few of stacking fault and partial
dislocation thread up in the buffer layer. It is likely that a minority of defect is
propagated. The advantage of SLS technique is that SLS help partially confine the
TDs within it and relieve residual strain. According to the above results, it is clear that
high-quality strain-relaxed InGaAs buffer layer could be achieved by a combination
of LG and SLS techniques for the large lattice-mismatched system.

4.6 Summary

In this chapter, microstructures of InGaAs buffer layers grown on GaAs, LG-
InGaAs, SG-InGaAs and SLS-InGaAs/GaAs were investigated using TEM technique.

The following results concerning microstructural properties were obtained.

(1) The Ing17GagssAs: layer on- GaAs substrate has MDs generated at
heteroepitaxial interface due to a large lattice-mismatch. For higher In incorporating
Ing27Gag73As buffer layer, the growth mode found to be changed from 2D to 3D
growth mode. TDs were nucleated by a coalescence of island-like features during the

growth. A small number of dislocations in buffer layer is not enough to relieve strain.

(2) The Ing19GapsAs buffer layer on LG-InGaAs has both MDs and TDs
besides the mixed dislocations and dislocation loops, which are observed in LG-

InGaAs part. Possible nucleation of dislocations is in the stage of initial growth and
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post growth such as cooling down to room temperature. The results show that the LG
technique has the advantage of spreading dislocations with depth throughout LG-
InGaAs and must complete full relaxation. The dislocation-free layer was investigated
in the buffer layer.

(3) The Ing sGagssAs buffer layer on SG-InGaAs shows MDs, TDs and
dislocation loops which are generated into the buffer layer. The residual strain still

remains in the buffer layer.

(4) The Ing17GaggsAs buffer layer on SLS-InGaAs/GaAs shows MDs, TDs,
partial dislocation and stacking fault, confirming strain-relieved in the SLS region. On
the other hand, the SLS technique can be used as a filter of TDs.

Finally, to obtain higher quality buffer layer, a combination of LG and SLS
techniques is suggested for fabrication of pseudo-substrate for the large lattice-

mismatch system.



CHAPTER V

APPLICATION OF InGaAs BUFFER
LAYERS: InGaAsN LAYERS GROWN
ON PSEUDO-LATTICE-MATCHED
InGaAs SUBSTRATES

To test the quality of the InGaAs pseudo-substrates material qualities of the
InGaAsN layers grown on the lattice-matched InGaAs pseudo-substrates were
investigated using high resolution X-ray diffraction, transmission electron microscopy,
photoluminescence (PL) and photoreflectance (PR). Both optical and structural
characteristics of the InGaAsN layer on the lattice-matched InGaAs pseudo-substrate

are discussed in comparison to the InGaAsN layer grown directly on the GaAs
substrate.

5.1 Overview of InGaAsN on InGaAs

The In,Gay.AsiyNy alloy system is of considerable interest for its potential
use as the active layer in the 1.3-1.55 pm wavelength quantum well laser diodes, for
which near-lattice-matching to GaAs is possible [13, 45]. This also makes the In,Ga,.
xAsyNy alloy system interesting for multijunction (MJ) solar cells [46, 47]. Thus, it is
challenge to demonstrate thick lattice-matched InGaAsN layers with high optical and
structural qualities necessary for the development of the MJ solar cells. In order to
decrease the bandgap, it is required to increase the N or In concentrations still further.
On one hand, a higher In concentration would increase the compressive strain to a
critical point of structural quality of the layer. On the other hand, the incorporation of
N will compensate the compressive strain in the layer. However, the larger N
concentration is found to degrade the structural and optical properties [48]. Therefore,

the lattice mismatch has to be minimized to achieve further improvement of the layer
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quality. The use of a graded buffer layer and a strained-layer superlattice in order to
provide nearly 100% strain relaxation and reduce the threading dislocation density has
produced promising results and has been applied for large lattice mismatched system
such as SiGe/Si [49], CulnSe2/InGaAs [50] and InGaAs/GaAs [51], etc.

In this study, such an approach has been applied to the growth of thick
InyGa,.xAs;.yNy with higher In contents. All the In,Ga,. As.,Ny layers used in this
study were grown by metalorganic vapor phase epitaxy on closely lattice-matched

Ing »Gag gAs layers (InGaAsN/InGaAs) with in-plane lattice mismatch of £, ~0.3% at

room temperature (RT). The results using various methods such as low-temperature
PL, TEM and HRXRD will be discussed in comparison with those of the
InGaAsN layers grown directly on GaAs (001) substrates (InGaAsN/GaAs).

5.2 Experimental Procedures

The pesudo-lattice-matched InGaAs substrates (pseudo-substrate) were
prepared by MOVPE using trimethylgallium (TMGa), trimethylindium (TMIn) and
tertiarybutylarsine (TBAs) as the source materials of Ga, In and As, respectively; the
detailed sample structure is shown schematically in Figure 5.1. After a 1.5 um-thick
linearly-graded In,Ga,.,As buffer layer with the final In content of ~20% was
deposited, a 900 nm-thick constant Ing2GaggAs layer was grown. The gradation is
approximated to be 0.8%In/65 nm. This InGaAs composition is chosen so that the
InGaAsN layer having the bandgap of 1.0 eV is lattice-matched. Then, a strained-
layer superlattice, consists of 10 periods with equal layer thicknesses of Ing,GagsAs
and GaAs; was grown on the top of the constant Ing2GaggAs layer. Finally, a 500 nm-
thick constant Ing3Gag gAs layer was grown as a pseudo-substrate layer.

In the present case, the InyGa,.4As;.Ny layers with the In and N contents of x
~ 0.3 and y ~ 0.02 were grown on both GaAs and Ing2GaggAs substrates (Figure 5.1
(a)) by MOVPE using dimethylhydrazine (DMHy) as a N precursor. All the layers
were grown at 550°C. The grown layers were characterized by high resolution X-ray
diffraction (HRXRD), optical microscopy (OM) and transmission electron

microscopy (TEM).
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GaAs (001) substrate GAAL buf. 400 nm

(a) (b)

Figure 5.1: Schematic illustration of (a) InGaAsN (~30%]In, 2%N) layer on
Ing 2Gap sAs pseudo-substrate layer and (b) Cross-sectional <110> bright-field TEM
image of the Ing,Gap sAs pseudo-lattice-matched substrate.

5.3 Strain Relaxation in InGaAsN Layers

Figure 5.2 (a) and (b) shows an x-ray scan in the [001] direction of the
InGaAsN (004), InGaAs (004) and GaAs (004) reflections for both (a) GaAs and (b)
InGaAs substrates. It is clear fiom Figure 5.2 (b) that the In,Ga;..As;, N, layer was
grown on the pseudo-substrate. As an expectation, an improvement in the full width at
half maximum (FWHM) of InGaAsN (004) reflection of InGaAsN/InGaAs (5.2
arcmin) was observed in comparison with that of InGaAsN/GaAs (6.6 arcmin), as
shown in Figures 5.2 (b) and (a). In order to evaluate the lattice relaxation precisely,
reciprocal lattice mapping of asymmetrical (115) reflection was carried out for the
highly lattice-mismatched (InGaAsN/GaAs) and the closer lattice-matched
(InGaAsN/InGaAs) layers as shown in Figure 5.3 (a) and (b), respectively. It is clear
from Figure 5.3 (a) that both @-mode and 26/®-mode FWHM from InGaAsN are
broaden compared to those from GaAs meaning that the crystal mosaicity and the
lattice-coherency in InGaAsN are inferior to those in GaAs. On the other hand, the
broadening in @-mode FWHM from the InGaAsN layer on the pseudo-substrate
(Figure 5.3 (b)) is apparently limited by the mosaic of the pseudo-substrate layer.
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Figure 5.2: High resolution x-ray diffraction (004) curves of Ing :Gap 7As09sNo.o2 ()
on GaAs, and (b) Inp2Gap sAs pseudo-lattice-maiched substrates.

Since the mosaicity in Ing2GagsAs pseudo-substrate layer is larger than that of the
GaAs substrate, the mosaicity of InGaAsN grown on Iny>GaggAs should be also large.
However, it is considered to be not sufficient to dominate the film properties. Table

5.1 summarizes the measured lattice parameters of the films perpendicular (a, ) and
parallel (a, ) to the GaAs (001) surface and in-plane lattice-mismatch(e, = Aa, /a ).
The measured lattice paramenters for InGaAsN show that substantial tensile strain
along [001] direction is present in the InGaAsN/GaAs layer. This tensile strain is
attributable to an imperfect lattice relaxation at the InGaAsN/GaAs heteroepitaxial

interface.

Table 5.1: List of lattice parameters of the InGaAsN films perpendicular (a, ) and

parallel (a, ) to the GaAs (001) surface and in-plane lattice-mismatch (£, = Aa, /a ).

Samples ai (A) ay (A) asub, (A) &y (%)
InGaAsN/GaAs 5.767 5.684 5.653 0.55
InGaAsN/InGaAs | 5.777 5.747 5727 0.35

" The lattice constant of the GaAs substrate parallel to the (001) surface
" The lattice constant of the InGaAs pseudo-substrate layer parallel to the (001)

surface
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Figure 5.3: Reciprocal space map of the (115) reflection from Ing3Gag7As09sNo.02 (a)
on GaAs, and (b) Ing2Gag sAs pseudo-lattice-matched substrates.



Figure 5.4: The surface morphologies of'ﬁiojﬁan_—,-Asu_ggNu_nz (a) on GaAs, and
(b) Ing 3Gay sAs pseudo-lattice-matched substrates.
|

5.4 Surface mfphuloglés

o

Figure 5.4 ghﬁwasu:ﬁm {{gt’es of the InGaAsN layers grown on GaAs
and Ing,GaosAs pseudo Lai:uﬁc-match d substrates. InGaAsN/InGaAs exhibits cross-
hatch morphology nncﬁﬂdrappmmmatﬂy (110) and (1-10) cleavege planes with a
ridge spacing on the order of ~} yim (F:g&s 4 ()). Due to the large lattice-mismatch
between Ing>Gag sAsoesNo.oz and GaAs;_Tm' believe this feature is related to the
generation of misfit dislocations (MDs) at the InGaAsN/GaAs interface [52). On the
other hand, as sha wn in e > 7y E__nﬁcrgnes a noticeable change
as the ps&udn—subﬁhtaue layer is added. The. 1::lr.:crp!r:i:'ﬂ12@31r of InGaAsN/InGaAs shows
that the cross-hatch becomes much less dense. It is expected that the number of MDs

would be reduced.

5.5 TEM Investigation of InGaAsN Layers

Figure 5.5 (a) shows a cross-sectional TEM image of the InGaAsN layer on
the GaAs substrate. It is clearly seen that the MDs, visible by their strain contrast, are
located near the InGaAsN/GaAs heteroepitaxial interface (Figure 5.5 (a)). Figure 5.5
(b) shows a cross-sectional TEM image of the InGaAsN layer on the Ing:GapgAs
pseudo-substrate. It is found that the most of the plastic deformation takes place in the
linearly-graded In,Ga,.xAs buffer layer. Such large relaxation is enough to isolate
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InGaAs/GaAs
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Figure 5.5: Cross-sectional <110> bright-field TEM images of Ing3Gag7Asp98No.02
(a) on GaAs, and (b) Ing 2GaggAs pseudo-lattice-matched substrates.

the upper layers from the GaAs substrate reducing the residual strain in the upper
layers. Further, there is also an evidence for some filtering of threading dislocations
by the SLS. As an expectation, the number of MDs is significantly reduced in the
InGaAsN layer.

5.6 Optical Investigation of InGaAsN layers

Room-temperature PR spectra obtained from InGaAsN/GaAs and
InGaAsN/InGaAs are shown in Figure 5.6. We observed the derivative-like spectral
feature in PR spectra corresponding to the E, transition of the underlying Iny2GaysAs
at 1.19 eV (Figure 5.6 (b)) and to the transitions at 1.04 (Figure 5.6 (a)) and 1.01 eV
(Figure 5.6 (b)), which were attributed to the bandgap of InGaAsN grown on the
GaAs and TngGag gAs substrates, respectively. In addition, in the PR spectrum from
InGaAsN/InGaAs, we can see the PR broadening (broadening parameter, I') becomes
narrower. This implies that the crystal quality of the InGaAsN layer is improved with
the addition of the pseudo-substrate layer.

Figure 5.7 shows low-temperature (6 K) PL spectra obtained from
InGaAsN/GaAs and InGaAsN/InGaAs. The PL results indicate that the remakable
improvement of the InGaAsN quality for InGaAsN/InGaAs is evident from the 5

times increase of the PL intensity and a decrease in PL line width, from 45 meV
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Figure 5.6: Room-temperature PR spectra of Ing 3Gag 7As0.9sNo 02 on (a) GaAs, and (b)
Ing 2Gag sAs pseudo-lattice-matched substrates.
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Figure 5.7: Low-temperature (6K) PL spectra of Ing3Gag7AsgesNopz on (a) GaAs,

and (b) Ing 2Gag gAs pseudo-lattice-matched substrates.
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in InGaAsN/GaAs down to 29 meV in InGaAsN/InGaAs. Unlike InGaAsN/GaAs, the
PL spectrum obtained from InGaAsN/InGaAs is excellent with a single near-band-
edge emission peak. In addition, it was found that the PL peak intensity of
InGaAsN/InGaAs become to be comparable to that of the lower In-content (x ~ 0.1)
InGaAsN grown lattice-matched to GaAs [53]. This suggests that the InGaAsN top
layer has a high structural quality with lower dislocation density. Further improve in
the layer quality can make the possible to control the optical property of the high In-
content InGaAsN films,

Reduction in the misfit strain though the use of pseudo-substrates made
possible the growth of the higher In-content (x>0.3) InGaAsN layer with high
qualities necessary for the development of the MJ solar cells. Our results also
demonstrate that the pseudo-substrate is effective for the reduction of not only the
dislocation density but also the nonuniform distribution of In and N which are not
detected as the PL (Figure 5.7 (a)) measurement. It is known that these In- and N-rich
microscopic regions may act as quantum dots in varied sizes, leading to a long
wavelength PL speetrum with broad emission peak [54, 55].

5.7 Summary

We investigated the effectiveness of the pesudo-lattice-matched InGaAs
substrate (pseudo-substrate) in improving structural and optical properties of a lattice-
mismatched high In-content Ing3GagAseosNoo2 on GaAs grown by MOVPE.
Transmission electron microscopy confirmed that dislocations in InGaAsN on GaAs
were effectively reduced with the addition of the InGaAs pseudo-substrate layer. With
an insertion of the pseudo-substrate layer, the PL linewidth was reduced from 45 meV
to 29 meV and PL intensity was comparable to the lower In-content InGaAsN grown
lattice-matched to GaAs. Our results are encouraging for the application the pseudo-
lattice-matched InGaAs substrate to lattice-mismatched system and high In-content
InGaAsN on GaAs to extend the wavelength of InGaAsN material.



CHAPTER VI
CONCLUSIONS

In this thesis, the structural properties of the MOVPE grown InyGa,.xAs buffer
layers on (i) GaAs, (ii) linearly-graded (LG) InGaAs layer, (iii) step-graded (SG)
InGaAs layer and (iv) strain-layer superlattice (SLS) InGaAs/GaAs were investigated.
Transmission electron microscopy (TEM) was mainly used to characterize the
structural defects, including misfit (MD), threading (TD) and mixed type dislocations.
In order to examine lattice parameters and strain properties, high resolution X-ray
diffraction (HRXRD) measurements were carried out.

Our results show that the generation of dislocations (MDs, TDs and mixed
type dislocations) investigated by cross-sectional TEM was found to be dominated in
the LG-InGaAs regions. This means that the LG-InGaAs regions were relaxed due to
the large lattice-mismatch between InGaAs and GaAs, resulting in generation of a
large number of dislocations. On the other hand, for the SLS-InGaAs buffer layer, a
high density of dislocations was observed in the InGaAs/GaAs superlattice regions. In
fact, density of dislocations was decreased in the InGaAs buffer layer (top layer)
grown on the InGaAs/GaAs superlattice. This demonstrates that the strained-layer
superlattice exhibits some filtering of threading dislocations. Also, the comparison of
the strain-relaxation in the InGaAs buffer layers grown on GaAs, LG-, SG- and SLS-
InGaAs layers is discussed.

These results demonstrate that the majority of structural defects in all the
buffer layers are dislocations. It is found that the dislocations are mainly caused by
the strain-relaxation in the InGaAs buffer layers. Thus, we demonstrate that a
combination of the LG and SLS techniques is a promising method to achieve high-
quality strain-relaxed InGaAs buffer layers for the growth of lattice-matched system,
espectially InGaAsN/InGaAs.
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